ABSTRACT: Several experimental models of osteoarthritis in rats are used to study the pathophysiology of osteoarthritis. Many mechanically induced models have the limitation that permanent joint instability is induced by, for example, ligament transection or meniscal damage. This permanent instability will counteract the potential beneficial effects of therapy. The groove model of osteoarthritis uses a one-time trigger, surgically induced cartilage damage on the femoral condyles, and has been validated for the canine tibia-femoral compartment. The present study evaluates this model for the rat knee joint. The articular cartilage of the weight bearing surface of both femoral condyles and trochlea were damaged (grooved) without damaging the underlying subchondral bone. Severity of joint degeneration was histologically assessed, in addition to patella cartilage damage, and subchondral bone characteristics by means of (contrast-enhanced) micro-CT. Mild histological degeneration of the surgically untouched tibial plateau cartilage was observed in addition to damage of the femoral condyles, without clear synovial tissue inflammation. Contrast enhanced micro-CT demonstrated proteoglycan loss of the surgically untouched patella cartilage. Besides, a more sclerotic structure of the subchondral bone was observed. The tibiafemoral groove model in a rat results in mild knee joint degeneration, without permanent joint instability and joint inflammation. This makes the rat groove model a useful model to study the onset and progression of post-traumatic non-inflammatory osteoarthritis, creating a relatively sensitive model to study disease modifying osteoarthritic drugs. ß
Osteoarthritis (OA) is the most prevalent chronic joint disorder with pain and loss of function as main clinical features. 1 In principle, OA is slowly progressing and increases in prevalence and severity with increasing age. 2 The complex pathogenic changes in human OA can take several decades to develop and may be influenced by a multitude of factors, including predisposing factors that contribute during the process of OA development, that is, genetics, hormonal status, and body mass. 3 The disease involves not only articular cartilage as is frequently studied, but the whole joint, including subchondral bone, synovial tissue, capsule, ligaments, and muscles. 4 Studies of OA in humans are restricted by the slow rate at which the disease progresses and the limited opportunity to study the tissue changes over time. Moreover, the diagnosis of OA is still established late in the disease process, and disease modifying treatments are still unavailable. 5 So far only surrogate markers (biochemical and imaging) with limited discriminating strength are available. 6 As such, the problem of the lack of good correlation between the clinical features and pathology remains. The need to clarify the molecular pathogenic events that occur in various joint tissues at the onset and during the progression of OA has therefore urged the use of models that can exhibit the relevant features that characterize the human disease. To understand the complex inter-relationship between the different disease mechanisms, joint tissues, and body systems, studying OA in animal models can help to elucidate the complex mechanistic aspects of OA. Spontaneous OA development, similar to the human situation, has been reported for a few laboratory animal species, [7] [8] [9] although the disease development in these animals proceeds slowly and specific predisposing genetics may underlie these models. 10, 11 In rats, the occurrence of spontaneous OA development is rare. 12 To induce OA in rats, several experimental models are used, either surgical or chemical induced and also noninvasive loading models, to study OA pathophysiology and its potential treatment. [13] [14] [15] [16] [17] The mechanically induced models, such as the frequently used anterior cruciate ligament transection (ACLT 14 ) and destabilization of the medial meniscus (DMM 18 ), have the limitation that they induce a permanent trigger during the course of OA, namely instability, counteracting the potential beneficial effects of therapy. This makes these models less suitable for studying disease modifying OA drug therapies. 10 Models without a permanent trigger have been described and are expectedly more sensitive to therapy. 19, 20 A well-validated example of such a model is the canine groove model of joint degeneration, with features of joint degeneration mimicking early human OA. 19, [21] [22] [23] [24] In this large animal model, damage of the articular cartilage of the weight-bearing areas of the femoral condyles is the trigger for development of joint changes consistent with early OA. This model is characterized by slowly progressive cartilage damage, subchondral bone changes, mild inflammation, and pain as observed by force plate analysis. 25 Although the dog has good kinematics for translation to the human situation, and is relatively large to perform a multitude of tissue tests including biochemical analyses of cartilage, important drawbacks of this model are cost, smaller availability of facilities for housing, duration of the experiments, and ethical concerns. This tempted us to evaluate this model is a smaller animal.
Derivatives of the groove models have been described for rats in literature. [26] [27] [28] However, these models are not optimal as they either create a full-thickness cartilage defect, which damages the underlying subchondral bone, 27, 28 or only damage the non-weight bearing cartilage of the femoral trochlea, resulting in patella-femoral joint degeneration only. 26 Given tibiafemoral OA is the most prevalent type of post-traumatic knee OA, and the available models do not induce local cartilage damage in this compartment, we translated the canine groove model to the rat. We created a modified surgical model, inducing intrinsic cartilage damage on the weight bearing surface of the femoral condyles in addition to the femoral trochlea, and evaluated the subsequent knee joint degeneration throughout the entire joint.
METHODS

Study Design
Ten male Wistar rats (523 AE 44 g, Charles-River, Sulzfeld, Germany), 16 weeks of age, were housed, two per cage, in a 12:12 light-dark cycle (light-on period, 7:00 AM-7:00 PM). All animals had access to standard food pellets and tap water ad libitum. An overview of the study set-up is given in Figure 1 . All procedures were approved by the Utrecht University Medical Ethical Committee for animal studies (DEC 2014. III.05.049) and ARRIVE guidelines were fully complied.
Surgical Procedure
In all rats (n ¼ 10), surgery was performed in the right knee joint at baseline, under general anesthesia (Isofluran), to induce local cartilage damage as indicated in Figure 2 . The knee joint cavity was opened with a small longitudinal incision through the ligamentum patellae of the right knee joint. The tip of an enhanced surgical tool was bent 90˚at 150-180 mm from the tip, to ensure not to damage the underlying subchondral bone, as the articular cartilage of a rat is approximately 200-250 mm thick. 26 With this surgical tool we applied five longitudinal grooves on the weight bearing area of the articular cartilage of both the medial and lateral femoral condyle, while the knee joint was flexed to the utmost position. This was done in addition to three longitudinal grooves on the non-weight bearing surface of the articular cartilage of the femoral trochlea, according to Siebelt et al. 26 (see Fig. 2 ). The opposite articular cartilage of the tibial compartment was not surgically damaged, the same applies to the patellar cartilage. The contralateral nonoperated left knee joint served as internal control. After the surgical procedure, all animals were immediately allowed to move freely and no joint instability was observed. Analgesia (Buprenorphine 0.05 mg/kg) was submitted subcutaneously until 24 h after surgery. All animals quickly recovered after surgery and no wound healing problems were observed.
Patella Cartilage Evaluation With Contrast Enhanced Micro-CT
At baseline animals were randomly divided in two groups (see Fig. 1 ). One group was euthanized at 6 weeks to evaluate joint damage by histology, the other group continued for another 6 weeks before euthanization. In the latter group, at baseline, prior to surgery, 6 and 12 weeks (n ¼ 5) after induction of joint damage contrast enhanced micro-CT (m-CT), using a Quatum FX m-CT scanner (PerkinElmar, Waltham, MA) was performed under isoflurane sedation to measure in vivo patellar cartilage thickness and attenuation. This method is validated for the patellar cartilage, but not for the femoral and tibial cartilage, in rats. 26, 29 Hexabrix320 (Guerbet, Gorinchem, The Netherlands) was used as contrast agent. Hexabrix is a 600 mOsm, radio-opaque, solution of the salts ioxaglate-meglumine, and ioxaglate-sodium. The contrast agent is already applied in vivo in humans and no acute toxic effects in rats are reported. [29] [30] [31] Due to the negative fixed Figure 1 . Experimental design of the study where OA induction is performed by groove surgery in ten 16-week-old male Wistar rats. At baseline, prior to surgery, 6 and 12 weeks (n ¼ 5) after OA induction contrast enhanced micro-CT was performed. One group was euthanized at 6 weeks to evaluate joint damage by histology, the other group continued for another 6 weeks before euthanization to evaluate joint damage. charged density of the cartilage, as a result from the local glucosaminoglycan (GAG) content, the negatively charged ioxglate will be locally repulsed. Whereby, ioxglate penetration results in a concentration inversely related to the cartilage sulfated-glycosaminoglycan (sGAG) content and thereby indicative of tissue quality. 32, 33 An amount of 75 ml non-diluted Hexabrix320 was mixed with 0.75 mg Epinephrine (Centrafarm, Etten-Leur, The Netherlands) to induce adequate vasoconstriction and thereby prevent leakage of ioxaglate out of the knee joint cavity. 29, 34 The Hexabrix/Epinephrine mixture was injected into the grooved knee joint cavity at a very slow pace (15 s), using a 27 Gauche needle (Sherwood-Davis & Geck, UK), with the knee in slight flexion. Immediately after injection, the joint was slowly mobilized passively for adequate distribution of the Hexabrix320 throughout the knee joint cavity. Five minutes after injection the rat was transferred into a holder in supine position and the hind legs fixated in extension. Subsequently, the grooved knee joints were in vivo scanned with m-CT. The m-CT scans were made using a 3 min scan per knee joint at an isotropic voxel size of 21 mm, at a voltage of 90 kV, a current of 180 UA, field of view of 42 mm. All scans were identically performed and reconstructed using the Quatum FX m-CT scanner, post-processing of the images is performed by Analyze (PerkinElmar). For articular cartilage analysis of the patellofemoral joint, in all contrast enhanced-mCT datasets, X-ray attenuation (arbitrary gray values inversely related to sGAG content), and cartilage thickness (mm) of the patella was calculated, using ImageJ software (ImageJ) from standardized regions of interest (ROI) for a total of 20 slides.
Subchondral Bone Evaluated by Micro-CT
To evaluate subchondral bone changes, m-CT data from baseline and 12 weeks follow-up were subjected to a mCT evaluation of subchondral bone changes. The m-CT scans were made using a 3 min scan per knee joint at an isotropic voxel size of 21 mm, at a voltage of 90 kV, a current of 180 UA, field of view of 42 mm. All scans were identically performed and reconstructed using the Quatum FX m-CT scanner, post-processing of the images is performed by Analyze (PerkinElmar). Using ImageJ software (ImageJ) the regions of interest (ROI) were standardized, by starting in the back of the knee joint from the point where the medial and lateral compartments of the tibial epiphysis unite for a total of 90 slides onwards to the front of the knee joint. Bone was segmented from the m-CT datasets in coronal orientation with a local threshold algorithm (Bernsen, radius 5) from the coronal sections. 35 Subsequently, the ROI's of the tibial epiphysis were manually drawn for the mean subchondral plate thickness (mm), the mean trabecular bone thickness (mm) and trabecular bone volume fraction (BV/TV), representing the ratio of trabecular bone volume (BV, in mm 3 ) to endocortical tissue volume (TV, in mm 3 ) and the data for the medial and lateral side was averaged. In addition, all outcome parameters were also separated for the medial and lateral compartment of the tibia plateau. To control for normal growth related subchondral bone changes, retrospective data from strain and age matched healthy control knee joints were used to determine groove unrelated subchondral bone changes between baseline and 12 weeks post-surgery.
Histopathological Examination of the Knee Joint
Animals were euthanized either 6 (n ¼ 5) or 12 (n ¼ 5) weeks after OA induction, and whole joint degeneration was evaluated using the OARSI histopathology score for rats. 12 The histological preparations were performed according to the guidelines. 12 All knee joints were fixed in 3.8% phosphate buffered formaldehyde for 3 days and subsequently decalcified with EDTA (12,5%) for a period of 21 days. The decalcified tissue was dehydrated via 70-100% ethanol, rinsed in xylene and finally embedded in paraffin. Coronal sections of 5 mm thickness were made at 100 mm intervals and stained with Hematoxylin & Eosin (H&E) to determine the degree of synovial membrane inflammation and Safranin-O (Saf-O) with a fast green counterstain to envision the amount and distribution of the GAGs. The parameters of the histologic scoring includes cartilage matrix loss width, cartilage degeneration, cartilage degeneration width, osteophytes, synovial reaction and calcified cartilage, and subchondral bone damage. 12 Only tibia-femoral cartilage is assessed as coronal sectioning obtains optimally oriented mid-coronal sections, making this less suitable for patellar cartilage evaluation. 12 The placed grooves itself were not taken into account, only the direct adjacent cartilage to study the effect of the model. Assessment of joint degeneration is performed in random order, independently by two observers unaware of the source of the samples.
Statistical Analysis
Histological data is presented for both knee joints of each animal separately, as well as mean values with 95% confidence interval of five animals in each group. Comparison between grooved experimental and contralateral control knee joints was performed by the Wilcoxon signed ranks test. Comparison between the grooved experimental joints at 6 and 12 weeks was performed by Mann-Whitney U test. Patella cartilage from contrast enhanced m-CT data are presented as means with 95% confidence interval and comparisons between the different time points was performed by the paired samples t-test. All subchondral bone changes originated from m-CT imaging are presented as mean with 95% confidence interval to analyze differences between the experimental knee joints and healthy control knee joints the independent samples t-test was used. Comparison between the grooved experimental and contralateral control knee joints was performed by the paired samples t-test. (SPSS statistics 21, SPSS inc., Chicago, IL) For all tests p values <0.05 were considered statistically significant different.
RESULTS
Histopathological Joint Degeneration
In order to validate the groove model, an OA model based on a one-time trigger, in the rat we performed a feasibility study with 6 and 12 week follow-up.
Inducing local cartilage damage on the femoral condyles and trochlea by groove surgery in rat knee joints resulted in statistically significant higher, although still mild, whole joint degeneration compared to the contralateral control knee joint at both 6-and 12-weeks post-surgery ( Fig. 3A and E) . Synovial membrane inflammation scores (a parameter of the total OARSI score) in the surgically damaged knee joints were all relatively small and did not show any differences compared to the unoperated contralateral control knee joints ( Fig. 3B and E) . The most pronounced difference between the grooved and the contralateral control knee joints is observed on the articular cartilage of the surgically damaged femoral condyles. Change at the femoral condyles was clearly found direct adjacent to the grooves 6 weeks postsurgery, with no further increase of cartilage degeneration at 12-weeks post-surgery (Fig. 3C ). More interesting, the tibia plateau, not surgically damaged, demonstrated a statistically significant increase in articular cartilage degeneration compared to the tibia plateau of the contralateral control knee joints in all animals (Fig. 3D) . When the amount of articular cartilage degeneration of the tibia in the grooved knee joints at 12-weeks post-surgery is compared to 6-weeks post-surgery the articular cartilage degeneration is even further increased (Fig. 3D) .
When looking specifically to the medial and lateral side of the articular cartilage, we found a considerable increase in joint degeneration in both compartments of the femoral condyles, compared to the contralateral control knee joints (Fig. 4A, B , and E). On the tibia plateau, the medial side had a relatively mild degeneration of the articular cartilage compared to the contralateral control knee joints ( Fig. 4C and E) . The lateral side on the other hand, showed more severe articular cartilage degeneration in the operated knee joints compared to the contralateral control knee joints. This increase in degeneration on the tibia plateau is mainly caused by the increased articular cartilage degeneration in the grooved knee joints 12-weeks post-surgery compared to 6-weeks postsurgery ( Fig. 4D and E) .
Patellar Cartilage Changes
As measured from the ROI of contrast enhanced m-CT scans, 6 and 12 weeks after induction of the local cartilage damage, the thickness of the surgically untouched patellar cartilage decreased over time (Fig. 5A) .
Whereas the gray value (representing the inverse relation to the cartilage GAG content) of the patellar cartilage increased over time (Fig. 5B) . 
Subchondral Bone Changes
By m-CT imaging, all subchondral bone parameters, which originated from the untouched tibia compartment of the knee joints, increased over time. A statistical significant increase was found for the subchondral plate thickness (þ9.5%), trabecular bone thickness (þ16.3%), and trabecular bone volume (þ16.3%) compared to their baseline measurements, indicating a more sclerotic structure as seen in human OA. (Left panels of Fig. 6B-D; WK12 ) When comparing the subchondral bone parameters of the experimental knee joints with healthy control knee joints 12-weeks post-surgery the groove related bone changes were increased for subchondral plate thickness, trabecular bone thickness, and trabecular bone volume (Left panels of Fig. 6B-D ; Control vs. WK12). Looking more closely to the subchondral bone differences on the tibia, the medial and lateral side of the subchondral bone were separated. For both the medial and the lateral sides all parameters were increased compared to baseline measurements in the grooved knee joints (Middle and right panels of Fig. 6B-D; WK12) . Only trabecular bone parameters, and not subchondral plate, were increased on both the medial and lateral side in the experimental knee joints compared to healthy control joints (Middle and right panels of Fig. 6B-D ; Control vs. WK 12). Osteophyte formation, easily detectable by m-CT, was not seen within the entire joint of both the experimental and the control knee joints of all rats.
DISCUSSION
This study demonstrates that the groove model of local femoral cartilage damage in the rat, leads to early degenerative joint changes with slow onset, in both the directly damaged (femoral condyles and trochlea) as the opposite (untouched tibia and patella) joint compartments. A distinctive difference with other surgical rat models of OA is the lack of destabilization which is a persistent trigger causing joint damage. Furthermore, the model does not induce inflammation and osteophyte formation, hereby mimicking (early) human OA development. Damaging the articular cartilage without damage to the direct underlying subchondral bone is an important aspect of the groove model, as bone damage can result in release of precursor cells with reparative characteristics influencing the disease development. 36 A first adaptation of Figure 5 . Representative in vivo micro-CT-arthrography scans of the patella cartilage at baseline, 6-and 12-weeks after surgical applied cartilage damage on the opposite femoral trochlea. Groove surgery on the femoral trochlea resulted in a decrease of patellar cartilage thickness (A) and an increase of cartilage attenuation, which is inversely related to sGAG content, indicating impaired articular cartilage quantity and quality 6 and 12 weeks post-surgery (B). Bars represent mean with 95% confidence interval of n ¼ 5 animals. p-value indicates statistical significant changes compared to baseline measurements with paired samples t-test.
the groove model in the rat is previously described by Siebelt et al., 26 where only the non-weight bearing femoral trochlea was grooved and subsequently only local cartilage degeneration in the patellofemoral compartment was observed. To achieve whole joint degeneration we attempt to damage the articular cartilage on the weight bearing area of the femoral condyles, similar as the original canine groove model. 19, 22 Therefore, the surgical procedure previously described by Siebelt et al. 26 was modified and the weight bearing surface of both femoral condyles as well as the femoral trochlea were grooved without extending the incision. The limitation of this rat groove model compared to the canine groove model is the limited freedom of movement during the microsurgical procedure and the lack of visual confirmation applying the grooves at the articular cartilage. Despite the difficult microsurgical procedure, analysis of histopathological sections confirmed the surgical applied cartilage damage without scratching the direct underlying subchondral bone. Quantitatively similar effects were found in all experimental knee joints. This indicates that although standardization of the location of the placed grooves has its restrictions, the results obtained are highly reproducible.
A big advantage of using a small animal, such as a rat, as a model for OA research is the possibility to monitor in vivo the disease process longitudinally with m-CT. However, mice, due to their small size, are not ideal for this model with the complex microsurgery. Besides the cartilage of mice knee joints has relatively few cell layers and a reduced zonal tissue organization as compared to larger species and is therefore as a model less ideal to study the alterations of the biomechanical function of the joint. 37 Rats, unlike mice, possess a thicker cartilage with a complex zonal p-value indicates statistical changes compared to baseline measurements with paired samples t-test and compared to healthy joints from age-matched control rats with independent samples t-test.
structure, more comparable to the human structure, which makes partial and full-thickness cartilage lesions reproducible. 12 The rat groove model has its limitations compared to the larger animals as biochemical changes, pain evaluations by force plate analysis and synovial fluid sampling are difficult due to the size of the animal and the knee joint. Another limitation of a rat animal model is the thin cartilage, which might be easier to repair than human articular cartilage. 38 Furthermore, still little is known how closely a therapeutic effect in a rat model will mirror therapeutic activity in man. 39 In this rat groove model, the contralateral rat knee joint is not been sham operated on, Siebelt et al. 26 performed a sham surgery and did not see any difference in synovial inflammation and cartilage degeneration 12 weeks after sham surgery compared to non-operated control rat knee joints in rats of the same strain and age. Moreover, sham surgery performed in canine knee joints, a more extensive procedure compared to the rat, demonstrated no effect of the surgery compared to non-operated canine knee joints. 19, 24, 40 Based on these previous results, we anticipate no difference between sham surgery and non-operated control knee joints. As such we consider the non-operated contralateral leg as an internal control.
The histological changes found in this rat groove model were most pronounced on the femoral condyles. Although the placed grooves itself were not taken into account in the scoring, we demonstrated an enhanced degeneration indicating that the placed grooves affects the direct adjacent cartilage, already 6-weeks post-surgery. For the tibia plateau on the other hand, degeneration of the articular cartilage continues to progress up to 12-weeks post-surgery. The OA related degenerative changes of the tibia plateau do not solely occur on the articular cartilage, directly opposite the grooved cartilage of the femur, but also on the underlying subchondral bone of the untouched tibial compartment 12-weeks post-surgery. These changes might be caused by the natural growth of rats as this affects the subchondral bone. Although we used skeletally mature rats, 12 the rats will continue growing as the growth plate closes at approximately 8 months of age. 41 To control for normal growth related subchondral bone changes, healthy control knee joints were used to determine groove unrelated subchondral bone changes. Taken into account the groove unrelated subchondral bone changes, still the subchondral bone resembles a more sclerotic structure 12-weeks post-surgery as seen in human OA. 42 However, other preclinical animal models showed a decrease of trabecular bone volume and thinning of the subchondral plate. 23 As the subchondral bone remodeling in preclinical animal models might be biphasic, an early decrease in trabecular bone volume followed by a phase in which the subchondral bone becomes denser and stiffens. 23 Whether the bone remodeling in our study already passed the phase of decrease in trabecular bone volume or directly went to the phase were the bone becomes more sclerotic is unknown.
In contrast to the canine groove model, were small osteophytes are observed at 20-weeks post-surgery, 40 no osteophyte formation is detected in the grooved rat knee joints up to 12-weeks post-surgery. The canine groove model did result in mild inflammation, possibly being responsible for the small osteophytes formed. 19, 21, 22 As synovial macrophages derived cytokines are assumed to play a role in osteophyte formation in mice, 43 it was suggested that a local inflammatory response is a pre-requisite for osteophyte formation. The joint inflammation observed in the grooved rat knee joints was only minimal or even absent, consequently not resulting in any osteophyte formation.
The groove model in the rat adds to the existing animal models of OA with features resembling (early) human OA. An important distinction is that despite the minimal or even absent synovial inflammation, the degenerative changes are progressive. Because of this, evaluation of cartilage protective effects of treatment is not hampered by inflammatory activity in the joint. This phenomenon makes the groove model especially suitable for evaluation of disease modifying osteoarthritic drugs. A second point of distinction is that there is no permanent trigger causing joint damage, which should render the model more sensitive to treatment. A persistent trigger for joint damage, such as joint instability used in the ACLT models, could counteract the possible beneficial effects of treatment. Moreover, assuming that cartilage repair is possible, the trigger, intrinsic to the cartilage damage itself, could be removed by treatment. Thus, the groove model might be suitable in long term OA progression monitoring after treatment is stopped, and may even be amenable demonstrating a cure.
In conclusion, this is the first time that the groove model has been applied to the tibia-femoral compartment of a rat knee joint. Animal models are essential in research on OA aimed at better understanding of the pathophysiology of OA especially in its early phases and to study the effects and mechanisms of treatment. The groove model of OA in the rat may have an additional value in this respect, as inducing grooves on the articular cartilage of the femoral condyles in the rat results in mild knee joint degeneration of the whole joint already 6 weeks post-surgery. This model can help us better understand the pathophysiology of OA especially in its early phases.
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